In the past few years, it has become possible to measure the forces required to mechanically unfold single protein molecules. Recently, the mechanical properties of heteropolyproteins have been studied, shedding new light on the mechanical design of modular proteins such as titin.
Biology uses modular proteins for an array of intracellular and extracellular functions [1] . In these long polyproteins, arrays of individually folded domains -modules -of similar or different types are juxtaposed in defined orders to generate proteins with the required biological activity. A particularly striking example of one such protein is the muscle protein, titin. This giant protein is constructed mostly from several hundred copies of the all-β-sheet immunoglobulin and fibronectin type III (FnIII) domains, and spans half the sarcomere, extending to about 1 µm in length. Individual FnIII and immunoglobulin domains are found in a precise order within the titin protein, in an arrangement that is conserved across evolution from reptiles to man.
The function of titin varies along the sarcomere: in the A-band, it probably regulates the assembly of the thick (myosin) filaments; in the I band it acts as an elastic connector between the thick filaments and the Z-disc; and in the M-line, it forms an integral part of the protein meshwork. Although titin is composed mostly of only two module types, its individual immunoglobulin or FnIII domains vary widely in sequence and stability. It has thus been suggested that the order of the domains may have been conserved for functional reasons, and that the particular ordering of domains within the I band region could be important in determining the elastic properties of the molecule.
How can we measure the elasticity of a protein molecule? In experiments that use the atomic force microscope (AFM) [2] and other methods [3, 4] , it is now possible to manipulate single biomolecules such that the strength of interaction between or within molecules can be measured with piconewton sensitivity. In the AFM, the key element is a sharp probe fabricated at the tip of a flexible cantilever (Figure 1 ). In the mechanical unfolding experiments, one part of the polyprotein is attached to the substrate and another part to the AFM probe (usually by non-specific adsorption or through thiol-gold bonds using natural or genetically introduced cysteine residues). The probe and A polyprotein held between the atomic force microscope flexible cantilever and a solid support. As one end is moved upward, the forces required to pull the protein structure apart cause a bending of the cantilever and so they can be recorded as a function of extension. A typical force-extension curve is shown in the inset. At point (a), the tip picks up the polyprotein by one domain and the whole protein is extended. At (b), a critical force is reached at which the least mechanically stable domain ruptures. The tension is released by the creation of a length of unfolded polypeptide chain and the cantilever returns almost to its rest position. At (c), as the ends of the protein are moved further apart, the unfolded domain is extended and the applied force gradually rises until a second domain unfolds. substrate are then moved apart with Angström resolution, stretching the protein and causing the AFM cantilever to bend. The bending of the cantilever is detected optically and related to the force being applied on the protein structure via the cantilever spring constant. The applied force is plotted as a function of distance in a so-called force-extension curve. .
A typical force-extension curve is shown in Figure 1 . The unfolding of individual domains appears as a series of sawtooth peaks in the force-extension curve, the number of peaks corresponding to the number of domains stretched between the substrate and cantilever tip. Because the point of attachment to the tip is random, between one and n unfolding peaks are observed, where n is the number of domains in the polyprotein. The distance between neighbouring force peaks corresponds to the length of each domain in a fully extended state -about 28 nm for the approximately 100-residue domains in titin -and the peak height to the applied force under which a domain unfolds.
Since the pioneering work on whole titin, force spectroscopy has been performed on other polyproteins consisting of a series of domains of a single type, constructed using protein engineering methods or by cross-linking protein molecules in the crystalline state. Although not found naturally in modular proteins, these homopolyprotein concatamers have the advantage that only a single domain type is involved, and as a consequence the mechanical properties of each domain type can be identified and characterised. Concatamers of the immunoglobulin I27 domains from the I band of titin [5, 6] , FnIII domains [6, 7] , bacteriorhodopsins [8] , spectrin [9] and tensacin [10] have all been studied in this way.
In a recent study, Li et al. [11] have extended their studies of the mechanical unfolding of titin, by synthesising heteropolyprotein concatamers containing four I27 and four I28 domains in the alternating sequence (I27 I28) 4 . These domains are juxtaposed in natural titin. By comparing the mechanical unfolding properties of (I27 I28) 4 with those of (I27) 8 and (I28) 8 , the effect of domain ordering on the mechanical unfolding properties of the polymer could be determined, and the hypothesis that the elastic properties of titin are related to the defined sequence of immunoglobulin domains in the I band region tested. The mechanical unfolding curves for different individual molecules of (I27 I28) 4 obtained by Li et al. [11] are shown in Figure 2a . Excitingly, two distinct critical unfolding forces are observed. When the experiment is repeated many times on different molecules, a histogram of the unfolding forces may be plotted (Figure 2b) which, in the case (I27 I28) 4 , shows two peaks with average forces of 211 and 306 pN.
Which curve represents which domain? Similar experiments on the (I27) 8 and (I28) 8 homopolyproteins allow the assignment of these peaks. Monomodal distributions centred at 204 ± 26 pN and 257 ± 27 pN were observed for (I27) 8 and (I28) 8 , respectively, suggesting that I28 is the more mechanically stable domain. Most importantly, the data show that the mechanical strength of an I27 domain is independent of its context in the protein, but that the Dispatch R663 Figure 2 (a) Force-extension curves for (I27-I28) 4 . Two distinct unfolding forces are observed although the number of each size in each force-distance measurement varies because of the random way in which the protein is attached to the tip. (b) Histogram of the unfolding forces for the (I27-I28) 4 polyprotein. There are two clearly separated peaks, one at 211 pN and a second at 306 pN (270 force peaks analysed in total). The line corresponds to Monte Carlo simulations of the unfolding forces (10,000 trials) of a protein chimera modelled as a double tetramer with two different domains placed in series. stability of an I28 domain is increased by juxtaposition to I27. Previous studies have shown that there is little direct interaction between domains in the I27-I28 pair [12] , suggesting that at least some of the important stabilising interactions must involve the linker regions.
The relative mechanical strengths of the I27 and I28 domains contrast markedly with their thermodynamic stabilities measured using traditional equilibrium denaturation experiments -∆G D-N for I27 is more than twice that of I28. These data show conclusively that thermodynamic stability does not control the mechanical stability of these domains, as had been previously suggested [12] . This reflects the different nature of the measurements being made -thermodynamic stability is determined via an equilibrium measurement, whereas mechanical unfolding is a kinetic process and hence depends only on the unfolding activation energy.
Just as the logarithm of the chemical unfolding rate constant depends linearly on the concentration of a chemical denaturant, the unfolding force varies linearly as a function of the logarithm of the pulling speed (normalised by the domain length). This is because if the pulling rate is very low, domains will unfold at virtually zero applied force -as unfolding is a probabilistic event -and one module will unfold on average each time the termini are moved apart by the full length of a domain (28.5 nm in the case of I27 and I28). Accordingly, mechanical unfolding rate constants at zero force were determined to be 3.3 × 10 -4 s -1 and 2.8 × 10 -5 s -1 , respectively, for I27 and I28 in (I27 I28) 4 , in accord with the rate constants determined for chemical unfolding of each domain in a simple I27-I28 dimer extrapolated to zero denaturant concentration.
Are mechanical and chemical denaturation related processes? The answer is not clear at present, although the similarity in the rate constants for unfolding of I27 and I28 domains determined by the two methods suggests that, at least for these domains, the mechanism of unfolding by each method may be similar (as it is unlikely, though not impossible, that two different unfolding processes would be determined by similar barrier heights). Moreover, the kinetic stabilisation of I28 domains by juxtaposition with I27 observed mechanically is also mirrored in chemical denaturation studies. Thus, whilst the unfolding rate constant of an I27 domain is similar in both the (I27) 8 homopolymer and (I27 I28) 4 heteropolymer, I28 unfolds an order of magnitude more slowly in the latter polymer, equivalent to a kinetic stabilisation of approximately 1.4 kcal mol -1 .
What is the significance of these results? The data suggest two mechanisms by which the elastic properties of the I band of titin has been tailored for its function in muscle: firstly, by evolving immunoglobulin domains with different sequences and stabilities, and secondly, by arranging these domains in a defined order, although higher-order assemblies of several titin molecules found in the end filament may also play a role. This provides a rationale for the conservation of the order of domains in titin, and possibly also in other modular proteins. Most excitingly, it suggests that once the nature of the interactions that fine-tune the domain stability are identified and their effects quantified, we will be able to produce new polyproteins with precise elastic properties for new applications ranging from materials science to tissue engineering.
